The pontomedullary reticular formation (PMRF) of the monkey produces motor outputs to both upper limbs. EMG eVects evoked from stimulus-triggered averaging (StimulusTA) were compared with eVects from stimulus trains to determine whether both stimulation methods produced comparable results. Flexor and extensor muscles of scapulothoracic, shoulder, elbow, and wrist joints were studied bilaterally in two male M. fascicularis monkeys trained to perform a bilateral reaching task. The frequency of facilitation versus suppression responses evoked in the muscles was compared between methods. Stimulus trains were more eYcient (94% of PMRF sites) in producing responses than StimulusTA (55%), and stimulus trains evoked responses from more muscles per site than from StimulusTA. Facilitation (72%) was more common from stimulus trains than StimulusTA (39%). In the overall results, a bilateral reciprocal activation pattern of ipsilateral Xexor and contralateral extensor facilitation was evident for StimulusTA and stimulus trains. When the comparison was restricted to cases where both methods produced a response in a given muscle from the same site, agreement was very high, at 80%. For the remaining 20%, discrepancies were accounted for mainly by facilitation from stimulus trains when StimulusTA produced suppression, which was in agreement with the under-representation of suppression in the stimulus train data as a whole. To the extent that the stimulus train method may favor transmission through polysynaptic pathways, these results suggest that polysynaptic pathways from the PMRF more often produce facilitation in muscles that would typically demonstrate suppression with StimulusTA.
Introduction
The pontomedullary reticular formation (PMRF) is the primary source of the reticulospinal system, a major motor system (Kuypers 1975 (Kuypers , 1981 Peterson et al. 1974; Peterson 1979) . Reticulospinal neurons have widespread monosynaptic and polysynaptic axonal projections to multiple motor pools on both sides of the spinal cord, with single axons often aVecting cervical, thoracic, and lumbar circuits Matsuyama and Drew 1997; Peterson et al. 1974 Peterson et al. , 1975 . Reticulospinal neurons terminate primarily in lamina VII and VIII, but also reach motoneurons in lamina IX Peterson et al. 1975) . Reticulospinal axons usually descend ipsilaterally, but aVect contralateral motoneurons through axon collaterals that decussate or via commissural interneurons (Bannatyne et al. 2003; Jankowska et al. 2003) . Segmental interneurons and motoneurons for axial and proximal limb muscles appear to be the main target of reticulospinal neurons Matsuyama and Drew 1997; Peterson 1979; Peterson et al. 1979) . Reticulospinal outputs may even aVect distal motoneurons controlling the hand (Riddle et al. 2009 ).
Microstimulation studies in the cat using stimulus trains at rest and during locomotion have shown that the reticulospinal system recruits axial and proximal limb muscles (Drew and Rossignol 1984, 1990a, b; Peterson et al. 1975) . Previous work in the monkey using stimulus-triggered averaging (StimulusTA) has also shown the capacity of the reticulospinal system to recruit upper limb muscles during voluntary reaching Buford 2004, 2006) . PMRF stimulation evokes a prevalence of ipsilateral limb Xexor and contralateral limb extensor muscle excitation, often coupled with reciprocal suppression eVects in the antagonist muscles Buford 2004, 2006; Drew and Rossignol 1990a, b; Sprague and Chambers 1954) .
Motor outputs revealed by StimulusTA are thought to primarily reveal monosynaptic and disynaptic connections onto motoneurons (Cheney and Fetz 1985) . The results of spike-triggered averaging (SpikeTA) are also thought to be heavily biased towards monosynaptic and disynaptic eVects Davidson et al. 2007b) . A high level of agreement for SpikeTA eVects and StimulusTA eVects was found in the motor cortex (Cheney and Fetz 1985) . This was expected because adjacent cells in motor cortex have similar output Welds (Asanuma and Rosen 1972) . In comparing SpikeTA and StimulusTA eVects in arm muscles based on PMRF recordings in the monkey, we found strong agreement in results from these two methods at sites from which SpikeTA eVects were found (Davidson et al. 2007a ). This supports the view that StimulusTA reveals the output of reticulospinal neurons through relatively direct pathways, and suggests that local groups of PMRF cells may have similar outputs.
The purpose of this study was to compare the results from StimulusTA and stimulus trains applied at the same PMRF stimulus sites in the monkey to determine whether these two stimulation methods produce similar responses in arm and shoulder muscles. Since StimulusTA eVects from the monkey (Davidson and Buford 2006) were similar to the movements evoked with stimulus trains in the cat (Drew and Rossignol 1990a, b; Sprague and Chambers 1954) , we hypothesized that eVects evoked by stimulus trains and StimulusTA should usually be similar in the monkey. Nevertheless, stimulus trains could engage polysynaptic pathways (Patton 1982) ; thus, responses evoked with stimulus trains might show characteristics diVerent from those observed with StimulusTA. Preliminary results of these studies have been reported in abstracts Herbert et al. 2007 ).
Methods

Subjects and task
Subjects were two male monkeys (M. fascicularis) trained to perform an instructed-delay, bilateral reaching task controlled by Tempo software (ReXective Computing, Olympia, WA, USA). The details of the task have been described in a previous report (Davidson and Buford 2006) . The task involved a control period, including an instructed-delay interval, when the monkey waited with both hands on start switches at waist level. During the subsequent movement period, he responded to the instruction by reaching with the left or right arm to a target presented on a touch-screen computer monitor. After the trial, he was free to use either hand to retrieve a food reward, and then he started the next trial.
Animal care
Subject care complied with the NIH Guide for the Care and Use of Laboratory Animals, and the institutionally approved animal care protocol for our laboratory. Surgeries were performed under veterinary supervision in aseptic conditions. As previously reported Buford 2004, 2006) , animals were pre-treated with antibiotics and were pre-anesthetized with Ketamine HCL (13 mg/kg im) followed by isoXurane gas (1-2%). Antibiotics and nonsteroidal anti-inXammatory analgesics were administered postoperatively. A stainless-steel recording chamber was mounted to the skull over a craniotomy of the left parietal bone, allowing bilateral access to the PMRF. The EMG electrodes were pairs of multi-stranded, teXon-coated stainless-steel wires chronically implanted in twelve arm and shoulder muscle pairs per arm, 24 total. The muscles tested were extensor carpi ulnaris (ECU), Xexor carpi radialis (FCR), biceps (BIC), brachialis (BRAC), triceps (long head: TRLO; lateral head; TRLA), anterior deltoid (ADLT), middle deltoid (MDLT), posterior deltoid (PDLT), upper trapezius (UTR), middle trapezius (MTR), pectoralis major (PMJ), and latissimus dorsi (LAT). EMG activity was recorded from all implanted muscles during stimulation for both StimulusTA and stimulus train methods using Spike2 software and a Power 1401 data acquisition unit (CED, Cambridge, England) . Muscles that showed cross-talk in an oV-line analysis or eventual implant failure were removed from the analysis, as described in Davidson and Buford (2006) .
Stimulus-triggered averaging
StimulusTA procedures are provided in a previously published report (Davidson and Buford 2006) . Stimulation was applied following a neural recording without changing the electrode position, and also at 0.5 mm intervals as the electrode was withdrawn from the bottom of the recording track. At each stimulation site, 4,000 biphasic pulses were delivered at a rate of 10 Hz by a digital stimulus controller (Master-8, AMPI, Israel) connected to an analog stimulus isolator (Model 2200, AM-Systems, Carlsborg, WA, USA). Stimulation for StimulusTA was delivered throughout all phases of the task (pre-trial, instructed-delay, reaching, reward retrieval, etc.). The subjects appeared to be unaware of this background stimulation. The stimulus current used was 30 A in most cases because previous studies in PMRF output in the macaque indicate this is an eVective stimulus intensity for StimulusTA Buford 2004, 2006) . This current level has also been proven eVective for studies in PMRF output in the cat (Cowie and Robinson 1994; Davidson and Buford 2004; Drew and Rossignol 1990a) . In 18 cases when single pulses evoked visible muscle twitches at a given site, the current was reduced until twitches were not visible. The lowest current used was 10 A.
Procedures for compiling StimulusTAs and the acceptance criteria for StimulusTA eVects are described in detail in a previous manuscript (Davidson and Buford 2006) ; only a brief description is presented here. A custom written Spike2 software program was used to compile StimulusTAs and to identify potential EMG responses for analysis. EMG data were averaged over an 80-ms peri-stimulus window, consisting of a 20-ms pre-trigger and a 60-ms posttrigger period. EMG responses that exceeded §2 standard deviations of a 15 ms pre-trigger (¡20 to ¡5 ms) baseline EMG mean during the period between 3.5 and 15 ms following the trigger were considered StimulusTA eVects. When StimulusTA revealed a sequence of responses in a given muscle, such as suppression followed by facilitation; only the Wrst response was analyzed because this was considered most likely to reXect the direct output of the PMRF.
Stimulus trains
In some cases, stimulus trains were applied following StimulusTA when the StimulusTA was conducted immediately following a neuronal recording. However, the perceptible muscle twitches evoked by stimulus trains distracted the subject and sometimes stopped behavior. To avoid this, stimulus trains were usually applied as the electrode was withdrawn, immediately following StimulusTA from that site. A train of 12 biphasic pulses was applied at 333 Hz (pulse duration 0.2 ms/phase, amplitude 30 A). Stimulation was manually triggered during the control period (pretrial and instructed-delay) while the monkey sat with both hands on start switches awaiting the go cue before reaching. This behavioral state was chosen as the most reproducible because it was impracticable to apply a suYcient number of stimulus trains to create representative averages for all possible phases of the behavior. At some sites, stimulation trains were applied when the subject was not performing the task, but while the arms were at rest on or near the switches. Ten stimulus trains were usually applied at each stimulation site (mean 10.1 § 1.34 SD, range 5-16).
EMG responses to stimulus trains were averaged and then smoothed using an 80 Hz low pass zero-lag Butterworth Wlter (Fig. 1, black traces) to capture the main features of the responses. A 36-ms period beginning 47 ms before stimulus train onset (ending before the train actually began) was used to calculate the mean baseline level of this smoothed EMG activity. Having the baseline period end before the train began prevented any eVects of stimulus artifact from entering the baseline. Potential responses to stimulus trains were automatically detected if the smoothed EMG departed from the baseline mean by +2 SD for facilitation or ¡1.65 SD for suppression. The ¡1.65 SD threshold was required to detect suppression because there was little background EMG to begin with, making suppression relatively hard to detect. Onset and oVset times determined from the smoothed data were manually adjusted to match the time when the raw EMG data (Fig. 1, gray traces) crossed the mean and SD thresholds calculated from the unsmoothed averages (e.g., Fig. 2 ). Only responses with onsets that began during the stimulus train or within 3 ms after the last stimulus pulse were accepted for further analysis. There was often a sequence of responses in a given muscle in the stimulus train data. To match the approach used to analyze the StimulusTA data, only the Wrst response was analyzed in these cases. A response duration of at least 10-ms was required to avoid spurious responses from entering the dataset for responses from stimulus trains, since a relatively small number of trains were averaged in these awake subjects. With a 33-ms stimulus train duration, it was reasonable to expect at least a 10-ms response. With these objective criteria, visual inspection of the data was still required in order to eliminate responses that were clearly noise. In Fig. 1 , for example, the automatic response detection indicated a possible facilitation in contralateral LAT. Visual inspection, however, showed this response was due to stimulus artifact superimposed on noise, so this was omitted. The automatic response detection also indicated a facilitation response in contralateral MTR and contralateral UTR; these facilitation events were accepted.
Data analysis
Because of the diVerences in stimulation methods, which would be expected to result in latency and amplitude diVerences, and due to the diVerences in detection criteria required for the two methods, detailed comparisons of response amplitude and onset latencies were not conducted. The sign of the response detected, facilitation or suppression, was considered the most reliable Wnding, and this was compared in detail for results from the two stimulation methods. The StimulusTA dataset from previously published StimulusTA results (Davidson and Buford 2006) , referred to here as the main StimulusTA dataset, was one source of data for comparison. However, because that dataset was constructed from stimuli applied during reaching as well as during rest, it was not the most comparable data. Hence, the results from these studies were reanalyzed using only stimuli applied while both hands were resting on the start switches to create the averages. This control period before reaching provided a behavioral task epoch in which the monkey's behavior was relatively consistent across trials and most comparable to the conditions under which stimulus trains were applied. Stimulus triggered averages constructed from stimulation during this period are referred to as the control-period StimulusTA dataset.
In our previously published report (Davidson and Buford 2006 ) a minimum of 500 triggers were required for a StimulusTA response to be included in the analysis. Application of this criterion for control-period StimulusTA data was too stringent because with only 4,000 stimuli to begin with and much of the time spent reaching, there were often not enough triggers to test. McKiernan et al. (1998) found that spike triggered averages of EMG for cortical recordings based on a minimum of 200 triggers were not substantially diVerent from those with 1,000 or more. Davidson et al. (2007b) presented spike triggered averages of EMG for cortical recordings from primary motor cortex that contain visible spike triggered eVects with only 100 triggers. Based on these Wndings, we required at least 200 triggers for a StimulusTA response during the control period to be included in the analysis for comparison with stimulus trains. To avoid introduction of spurious results from this lower number of triggers, StimulusTA responses found in this data subset were used for comparison only if a corresponding response was found in the main StimulusTA data.
SPSS 17.0 and Microsoft OYce Excel 2003 were used for all data analyses. Descriptive statistics were used to describe characteristics of evoked responses. Chi-squared tests were used to investigate signiWcant diVerences in proportions of stimulus-evoked eVects (facilitation vs. suppression responses, extensor vs Xexor responses, etc.). The Wilcoxon signed rank test was used to test for diVerences in stimulation eVectiveness between StimulusTA and stimulus trains. A criterion level of P < 0.05 was considered statistically signiWcant in each of these statistical tests.
Results
Comparison of main stimulusTA and control-period stimulusTA datasets As described in "Methods", our previous results from StimulusTA (Davidson and Buford 2006) were obtained from single pulse stimulation applied during all phases of performance of a bilateral reaching task. The StimulusTA data presented here are based on a reanalysis including StimulusTA data compiled only from the control period between trials, while the hands rested on start switches. This is the only behavioral state during which stimulus trains were applied. Before comparing these StimulusTA results with responses to stimulus trains, we Wrst performed a comparison of the control-period StimulusTA dataset to the main (previously published) StimulusTA dataset to determine whether the responses obtained during the control-period data were similar. Of the 1611 responses from the previously published, main StimulusTA dataset, 1,257 potential responses were found for stimuli applied during the control period; 864 of these were also represented in the main StimulusTA dataset. The remaining 393 control-period responses that had no corresponding event in the main dataset were not signiWcantly diVerent from 864 comparable control-period responses in terms of distribution of suppression versus facilitation or ipsilateral versus contralateral eVects. Likewise, the 747 unmatchable responses in the main dataset were not signiWcantly diVerent from the 864 that could be compared.
The 864 comparable control-period StimulusTA responses were elicited from 293 of the 535 PMRF sites (55%). In the main dataset, the full complement of 1,611 responses came from 435 sites (81%). Hence fewer PMRF sites are represented in the control-period dataset. However, when the 864 responses were compared for the control-period versus main StimulusTA datasets, agreement was 97%, with agreement deWned as the same type of response (facilitation or suppression) in a given muscle from a given stimulation site. For the 3% that diVered, half were facilitation in main dataset and suppression in the control-period data, and the other half were the opposite. As would be expected with 97% agreement, the proportions of facilitation and suppression by muscle and laterality in these 864 responses were not signiWcantly diVerent for the control-period and main StimulusTA datasets. For the remainder of this report, only these 864 control-period StimulusTA responses are used for comparison with responses to stimulus trains.
Overall comparison of stimulusTA and stimulus train evoked eVects Stimulus trains were applied at 473 PMRF sites; 444 of these sites (94%) were eVective for activating one or more muscles. A total of 2582 EMG responses were included in the database from stimulus trains. Compared to StimulusTA, stimulus trains were more eVective for evoking EMG responses (Wilcoxon signed rank test, P < 0.0001). In sum, nearly twice as many sites were eVective for stimulus trains as for StimulusTA, and about three times as many responses were found for stimulus trains as for StimulusTA.
Figure 2 presents a comparison of StimulusTA and stimulus train responses evoked from one of the most eVective sites stimulated. In this example, seven muscles showed StimulusTA eVects, eleven muscles showed responses to stimulus trains, and both methods produced bilateral responses. Of the six StimulusTA responses in Fig. 2 for which there was a corresponding stimulus train response, all of the responses had matching signs (CPMJ, IUTR, CUTR, CPDLT, CTRLO, ITRLA), and the analyses below will indicate this was a common Wnding. Likewise, this example shows that stimulus trains were more eVectivethere are Wve stimulus train responses (ILAT, IMTR, IADLT, IFCR, CFCR) for which the same muscle had no response detected in the StimulusTA record. This was expected as stimulus trains are more likely to excite neurons via polysynaptic pathways. Conversely, there was one StimulusTA response (CLAT) for which the same muscle did not show a response to stimulus trains. This can be expected when the signal-to-noise ratio is better for StimulusTA.
The acceptance criteria resulted in some plausible responses not being accepted in both StimulusTA and stimulus train records. For example, in the StimulusTA record (Fig. 2) , because the traces for IFCR and CFCR did not have corresponding responses in the main StimulusTA dataset they were not accepted. In the stimulus train record (Fig. 2) , because the trace for CMTR never went below threshold, this was not accepted as a suppression response. One could also question why a facilitation response was not found in IBIC even though there was one in IADLT. Again, the response detection in the smoothed data (see "Methods", Fig. 1 ), did not identify this BIC response as a viable candidate. Hence, some apparent facilitation and suppression responses were hard to detect for both stimulation methods. Within the limits of experimental error, the acceptance criteria were designed to ensure that those responses which were ultimately accepted into the dataset for comparison were valid.
EVectiveness of stimulation by muscle
Figure 3 compares the eVectiveness of stimulation for each muscle for stimulus trains versus StimulusTA. EVectiveness was calculated as the number of sites from which a stimulus-evoked response could be observed in a muscle divided by the total number of sites where EMG was recorded for that muscle during a stimulation attempt. A response was counted as one or more muscles being facilitated or suppressed from a given site. For StimulusTA, eVectiveness varied among muscles from 0 to 35%, with the highest degree of eVectiveness found in limb girdle muscles (15%), moderate eVectiveness found in the limb extensors (10%), and the lowest eVectiveness found in the limb Xexors (2%) ( 2 = 324.2, P < 0.0001). For stimulus trains, eVectiveness varied from 18 to 42%, and there was barely a signiWcant diVerence by muscle group. Overall stimulus train eVectiveness was 31% for the limb girdle muscles, 29% for limb extensors, and 27% for limb Xexors ( 2 = 8.4, P = 0.014). The tendency for more limb girdle and fewer Xexor muscles to respond, with intermediate responsiveness for extensors, was signiWcantly more disparate for StimulusTA than for stimulus trains ( 2 = 142.1, P < 0.0001).
For each eVective stimulation site, the number of muscles responding for stimulus trains ranged from one to fourteen, with a median of six and a mean of 6 § 3 (SD). On average, half as many muscles responded per site for StimulusTA, with a range of one to eleven muscles per site, a median of two and a mean of 3 § 2 (SD).
EVects from StimulusTA versus stimulus trains
For stimulus trains, ipsilateral and contralateral responses were equally prevalent, with 51% of the eVects observed in ipsilateral muscles and 49% in contralateral muscles. Bilateral responses were evoked by stimulus trains from 83% of all eVective sites; 9% of sites evoked only ipsilateral responses and 8% of sites evoked only contralateral responses. Most StimulusTA sites (57%) also evoked bilateral outputs, 18% of sites evoked only ipsilateral responses and 25% of sites evoked only contralateral responses. Hence, there was a greater tendency for bilateral outputs to be revealed from stimulus trains, but neither method favored ipsilateral or contralateral eVects.
Facilitation was the prevailing response to stimulus trains for both upper limbs, accounting for 71% of ipsilateral responses and 73% of contralateral responses. Suppression was more common (61%) than facilitation (39%) in the results for StimulusTA. This was true for both upper limbs, with suppression accounting for 67% of ipsilateral responses and 54% of contralateral responses.
In summary, stimulus trains and StimulusTA had a similar capacity to aVect ipsilateral and contralateral muscles, with bilateral responses being most common, especially for stimulus trains. Facilitation was more common in response to stimulus trains, but suppression was more common in the results for StimulusTA ( 2 = 294.3, P < 0.0001). For ipsilateral Xexors and contralateral extensors, StimulusTA and stimulus trains both produced a preponderance of facilitation. As shown in Table 1 , there was more facilitation from stimulus trains than for StimulusTA for many of these muscles. However, in two ipsilateral extensors, UTR and PDLT, where suppression was the typical response for StimulusTA, facilitation was the prevalent response for stimulus trains (Fig 4a; Table 1 ). In two contralateral Xexors (FCR and MTR), stimulus trains also resulted in a prevalence of facilitation even though suppression was typically the response for StimulusTA (Fig 4a;  Table 1 ). In sum, stimulus trains favored facilitation of ipsilateral Xexors and contralateral extensors even more strongly than StimulusTA. Conversely, the tendency for stimulus trains to suppress ipsilateral extensors and contralateral Xexors was less pronounced, and in some cases stimulus trains were most likely to facilitate muscles that were typically suppressed for StimulusTA. This prevalence of facilitation from stimulus trains was found throughout the muscles studied, regardless of the muscle's location (proximal vs. distal) or function (Xexor vs. extensor).
Comparison of eVects by muscle
Site-by-site comparison of eVects from stimulus trains and stimulusTA
Directly comparable responses
To follow up on the Wnding that stimulus trains were more likely to produce facilitation, a more speciWc comparison was conducted with the analysis constrained to directly comparable responses where both methods evoked a response in a given muscle from the same site, the best chance for agreement. Of 356 directly comparable responses from 164 sites, facilitation accounted for 58% of the responses for stimulus trains, a higher proportion than the 45% found for StimulusTA ( 2 = 11.9, P = 0.001). The bottom two diagrams in Fig. 4b illustrate ipsilateral and contralateral muscles color coded for these corresponding StimulusTA and stimulus train responses. The white color indicates that no responses in ipsilateral ADLT and contralateral ADLT and BRAC were available for direct comparison between methods. For StimulusTA, the bilateral reciprocal response pattern was still evident in this subset of the data. Stimulus trains also usually facilitated ipsilateral Xexors and contralateral extensors, consistent with the typical response for StimulusTA. However, stimulus trains reduced the tendency for reciprocal suppression, especially for ipsilateral extensors.
Matching StimulusTA and stimulus train responses
Overall, 80% of the 356 comparable responses matched, with a match being deWned as the same type of response (facilitation or suppression) evoked in a given muscle for a given stimulus site for both methods. Matches were equally common for facilitation and suppression, and for ipsilateral and contralateral eVects. Figure 5a is representative of matching StimulusTA and stimulus train responses from a single stimulation site. StimulusTA and stimulus trains both evoked facilitation of CECU and CTRLA. These were typical StimulusTA responses for these muscles. Examples of responses that matched for StimulusTA and stimulus trains were also presented in Fig. 2 .
Mismatched StimulusTA and stimulus train responses
At sites with comparable stimulus train and StimulusTA responses, 20% (72/356) of the responses were mismatches, with a mismatch being deWned as a case where facilitation was evoked by one method and suppression was Fig. 4 This schematic representation color codes muscles according to the proportion of facilitation versus suppression for each stimulation method. As shown in the key, shades of red indicate muscles that were mostly facilitated, shades of blue indicate muscles that were mostly suppressed, and colors in between represent a mixture of responses; white no response. Responses are referred to as ipsilateral or contralateral to the stimulation site. The top two diagrams a illustrate the response patterns for all control-period StimulusTA and stimulus train results. The bottom two b illustrate the response patterns for all control-period StimulusTA and stimulus train results constrained to sites where both methods evoked responses for a given muscle. In order to portray the triceps muscle, the proportion of responses for TRLA and TRLO were averaged. Muscle key:
evoked by the other. Most (82%) mismatches were cases where facilitation was evoked by the stimulus trains but suppression was evident in the record for StimulusTA ( 2 = 29.4, P < 0.0001). Mismatches were also more common ipsilaterally (63%) than contralaterally (38%) ( 2 = 4.5, P = 0.03), and more common in extensors (81%) than Xexors (19%) ( 2 = 26.9, P < 0.0001). The most common type of mismatch (40%) was when ipsilateral extensors were suppressed by StimulusTA, but this typical eVect was replaced by facilitation for stimulus trains. Many of the mismatches (35%) were also cases where the response for StimulusTA was suppression in a muscle that was typically facilitated, and the stimulus train produced the more typical facilitation response; this was most common in contralateral extensors. Figure 5b illustrates an example of a mismatch in responses from StimulusTA and stimulus train for a single stimulation site. In this example, suppression responses were evoked in IFCR and ILAT by StimulusTA, stimulus trains produced facilitation for these two muscles. The suppression response in IFCR was atypical from StimulusTA, but the suppression response in ILAT was typical.
Additional control analyses for mismatches
As noted earlier in the results, 3% of eVects from the control-period StimulusTA were opposite in sign, altered from the eVect from the corresponding site in the main StimulusTA dataset. We checked to see whether these altered eVects showed up with a disproportionately high incidence in the mismatches between StimulusTA and stimulus train responses described above, but this was not the case. Only three of these altered responses entered into the data. Two of these were atypical facilitation from StimulusTA replaced by suppression from stimulus trains and one was atypical suppression from StimulusTA (18) 3 (1) 93 (95) 92 (18) 8 (1) 92 (95) CTRLO 47 (19) 14 (7) 77 (73) 84 (20) 45 (6) 65 (77) CADLT 0 (0) 0 (0) - (-) 22 (0) 13 (0) 63 (-) CPMJ 3 (1) 93 (47) 3 (2) 8 (6) 85 (42) 9 (13) CPDLT 3 (2) 1 (1) 75 (67) 62 (3) 0 (0) 100 (100) CLAT 4 (1) 61 (25) 7 (4) 63 (14) 67 (12) 48 (54) CMTR 2 (1) 9 (0) 18 (100) 106 (1) 17 (0) 86 (100) CUTR 72 (41) 25 (16) 74 (72) 136 (38) 43 (19) 76 (67) IECU 5 (1) 32 (18) 14 (5) 53 (4) 39 (15) 58 (21) IFCR 13 (4) 16 (8) 45 (33) 152 (11) 8 (1) 95 (92) IBIC 10 (3) 0 (0) 100 (100) 101 (3) 11 (0) 90 (100) IBRAC 3 (1) 0 (0) 100 (100) 94 (1) 0 (0) 100 (100) ITRLA 4 (1) 62 (20) 6 (5) 50 (6) 60 (15) 45 (29) ITRLO 9 (6) 59 (16) 13 (27) 37 (13) 81 (9) 31 (59) IADLT (35) 8 (1) 88 (97) 79 (33) 18 (3) 81 (92) IPDLT 2 (1) 12 (5) 14 (17) 48 (6) 1 (0) 98 (100) ILAT 19 (6) 47 (23) 29 (21) 66 (10) replaced by facilitation from stimulus trains. Therefore, responses in the control-period StimulusTA dataset that were altered from the response in the main StimulusTA data could not account for the Wnding that suppression from StimulusTA was often replaced by facilitation from stimulus trains. Next, we examined the extent to which measurement error could account for diVerent responses observed between methods. To test for this possibility, the controlperiod StimulusTA dataset the data Wle was split in two and the StimulusTAs compiled from these two datasets were compared. Each response found in the split data had to come from at least 100 triggers, half the overall acceptance criteria of at least 200 triggers for a StimulusTA response. In this comparison, 496 StimulusTA responses were found. There was 96% agreement in response type (facilitation or suppression) for each response found in the split StimulusTA datasets.
Referring back to the actual comparison of StimulusTA and stimulus train responses, for the 72 mismatches found, only one came from a site that produced diVerent responses for the two halves of the StimulusTA data. Hence, sites from which StimulusTA responses could be described as unstable were not the source of diVerences between the StimulusTA and stimulus train responses. There was a signiWcantly higher proportion of disagreement in the comparison between StimulusTA and stimulus train responses than there was between the two halves of the StimulusTA dataset ( 2 = 19.11, P < 0.001). Consequently, the 20% diVerence found between the stimulus train and StimulusTA results exceeds the expected measurement error.
Unmatched responses
For 86% (n = 2,222) of the stimulus train responses, there was no corresponding StimulusTA response in that muscle for that site; these were called unmatched responses, and were present in one or more muscles from 243 sites. A smaller proportion (56%) of the StimulusTA responses (n = 464) were unmatched; these were evoked from 78 sites. For the unmatched subset of stimulus train responses, facilitation was even more prevalent (74%) than in the matched subset (57%). In these unmatched train responses, 52% of the eVects were ipsilateral, 48% were contralateral, and the bilateral reciprocal pattern of ipsilateral Xexor and contralateral extensor facilitation was evident in the data. For the unmatched StimulusTA responses there was 65% suppression, more than for matched StimulusTA responses (55%). Again, 52% of the eVects were ipsilateral and 48% were contralateral, and the bilateral reciprocal pattern was evident.
In sum, data that entered into the site-by-site comparison for directly comparable responses appear the most similar overall as subsets of the data from the two stimulation methods. In fact, the StimulusTA responses available for direct comparison with stimulus train results had more, not less facilitation, than could be found in the overall controlperiod dataset. Hence, a lack of facilitation in the StimulusTA results cannot account for the excess facilitation from stimulus trains.
Anatomical organization of eVective PMRF stimulus-evoked responses
The locations of sites evoking responses for StimulusTA were published in Davidson and Buford (2006) . As stated in "Methods", stimulus trains were applied at most StimulusTA sites. Sites evoking facilitation and suppression responses for given muscles with stimulus trains were interspersed. There was no special concentration of stimulus train sites producing the most eVects, nor were there special concentrations of sites producing ipsilateral, contralateral, or bilateral eVects. There were not certain locations from which facilitation versus suppression responses were elicited. PMRF sites evoking matched and mismatched StimulusTA and stimulus train responses were also evenly dispersed throughout the PMRF.
Discussion
Double reciprocal pattern of PMRF output
In the aggregate, results from StimulusTA and stimulus trains revealed a common pattern of bilateral motor output to the upper limbs: ipsilateral Xexor and contralateral extensor muscle facilitation, with suppression (or at least less facilitation) of the reciprocal muscles. One explanation for this consistent Wnding could be that most reticulospinal neurons distribute their outputs in a way that contributes to this overall pattern. traced individual reticulospinal axons and found that many terminated ipsilaterally, but some terminated bilaterally. These axons terminated in laminae VII and VIII, where they could contact interneurons or the dendrites of motoneurons. Classical studies indicate that there are monosynaptic pathways from the PMRF to motoneurons in the cat (Grillner and Lund 1966; Peterson et al. 1974 Peterson et al. , 1975 Peterson 1979) and in the monkey (Shapovalov 1972 ). Jankowska's physiological data indicate that bilateral PMRF eVects are mediated by pathways comprised of monosynaptic synapses on the motoneurons or disynaptic connections onto excitatory, inhibitory and commissural interneurons (Bannatyne et al. 2003; Jankowska 2007; Jankowska et al. 2003) . Thus, there is ample evidence for mono and disynaptic pathways from the PMRF to motoneurons that are bilaterally distributed. However, most of these studies are in the lumbar cord of the cat and there is a need to deWne this in the cervical cord of the macaque.
A pattern combining extension of one limb with Xexion of the other has its roots in the control of locomotion. Activation of the PMRF directly, or indirectly from mesencephalic locomotor region stimulation, is suYcient for initiation of locomotion in reduced preparations (Deliagina et al. 2008; Drew et al. 2004; Shik et al. 1969) . Hence, the tendency for PMRF output to produce this double reciprocal pattern is well established (Drew and Rossignol 1990a, b; Sprague and Chambers 1954) . Data from our previous work and from the cat also shows that PMRF neurons are strongly modulated during voluntary reaching Schepens et al. 2008; Drew 2004, 2006) . As Drew et al. (2004) noted, these Wndings indicate the pathways used for initiation and regulation of locomotion by the PMRF may overlap with pathways engaged by the PMRF during reaching.
The double reciprocal pattern observed with PMRF stimulation is also consistent with the upper limb movements associated with the asymmetric tonic neck reXex (ATNR), which is thought to reXect brainstem output after cortical injury (Denny-Brown 1966) . Humans often present with movement patterns that mimic the ATNR after a cortical stroke. Dewald et al. (1995) demonstrated a predominance of stroke-related muscle synergies in the hemiparetic upper limb during reaching that are consistent with the ATNR and the historical descriptions of stroke synergies from Brunnstrom (1970) . Subjects in Dewald et al. (1995) study typically Xexed the elbow when elevating the shoulder, and had the greatest diYculty recruiting elbow extensors coupled with shoulder Xexors. Our results from both stimulation methods are consistent with Dewald's argument that these stroke synergies may be explained by increased reliance on the reticulospinal system for voluntary control of reaching.
DiVerences in results for stimulus trains versus stimulusTA Although both methods produced results that largely agreed and reXected the double reciprocal pattern, there were two important diVerences. First, there was excess facilitation from stimulus trains. Second, stimulus trains were more eVective for recruiting limb muscles, whereas StimulusTA results were more heavily represented in the limb girdle muscles.
Despite the excess facilitation from stimulus trains, only 20% of responses were diVerent in the directly comparable individual responses. However, in the larger datasets, the diVerence was more pronounced. Facilitation accounted for 72% of the responses to stimulus trains, but only 39% of the responses to StimulusTA. For an investigator forced to choose between one method or the other, this could present somewhat diVerent conclusions from a study. One factor that probably contributed to this diVerence in results for the two methods was the design of our study. Suppression of EMG when movement is not underway is relatively hard to detect. The improvement of signal-to-noise with the relatively large number of triggers in StimulusTA would be expected to make that the more sensitive technique for subtle responses, since a relatively small number of stimulus trains were applied. Perhaps if stimulus trains were applied during reaching movements, more suppression could have been detected. For practical reasons explained in the methods, however, this was not feasible in the present study. Even considering this limitation, however, the analysis of the directly comparable responses along with the control analyses described at the end of the results show that there was still a clear tendency for stimulus trains to evoke facilitation where the response for StimulusTA was suppression. This was especially true for extensor muscles. Our conclusion is that at least some of this over-representation of facilitation from stimulus trains represents a true physiological diVerence between the pathways for muscle recruitment for the two methods.
Studies in the cat where stimulus trains were used also report a preponderance of facilitation (Drew and Rossignol 1990b) . Previously, we attributed the diVerence between the Wndings from the cat and our Wndings with StimulusTA (Davidson and Buford 2006) to the lack of EMG activity in the resting state for the cat making suppression harder to detect. In the present analysis, we controlled for that and still found facilitation in response to stimulus trains more often than facilitative StimulusTA eVects. The present Wndings suggest that responses to stimulus trains are similar in the cat and monkey. Further, we suspect a StimulusTA study in the cat would yield results similar to those found in the monkey, where suppression was more common than facilitation. Indeed, when SpikeTA has been conducted from PMRF neurons in the cat (Schepens and Drew 2006) , suppression was more common than facilitation, and SpikeTA and StimulusTA results tend to agree (Cheney and Fetz 1985; Davidson et al. 2007a, b) .
The second diVerence was the relatively equal distribution of eVects among proximal and more distally located muscles for responses to stimulus trains. For StimulusTA, there was clearly a preponderance of eVects in the limb girdle muscles, moderate responsiveness in limb extensors, and very few responses in limb Xexors. But with stimulus trains, all three muscle groups were quite responsive and there was only a small diVerence among groups. Again, this is consistent with what was described in the cat with stimulus trains, where Xexor responses in limb muscles were common (Drew and Rossignol 1990b) . Recent data from Baker's lab indicates that stimulation of reticulospinal and other axons in the medial longitudinal fasciculus (MLF) of the rhesus monkey can evoke monosynaptic EPSPs in forearm motoneurons and even in intrinsic hand motoneurons (Riddle et al. 2009 ). The tendency for stimulus trains to have more eVects distally suggests that these connections may be mostly polysynaptic.
The unmatched results in the StimulusTA and stimulus train datasets may be explained by diVering sensitivities and speciWcities of the two methods. StimulusTA by its nature is able to extract very small eVects as long as they are consistently present. Stimulus trains, in comparison would be expected to reveal a larger number of eVects overall by engaging polysynaptic pathways (Patton 1982 ), but might not succeed at revealing real but very weak eVects. A stimulus train that succeeded as well as possible at eliciting a very weak eVect would still potentially be hard to recognize because there are very few stimulus trains to average and the weak eVect might be hard to discern from the background EMG activation that was present in these awake subjects.
Implications for reticulospinal output pathways
The physiological diVerence between stimulus trains versus StimulusTA is thought to be that through temporal summation, stimulus trains are better able to reveal polysynaptic pathways (Patton 1982) , whereas StimulusTA results tend to reXect monosynaptic and disynaptic connections to motoneurons Cheney and Fetz 1985; Fetz et al. 1976) . Accepting for the moment that stimulus train and StimulusTA results were diVerent in the ways described above, this suggests that a slightly diVerent set of neural pathways was being studied for the two methods. Similarities could be attributed to the most direct pathways activated well by both methods, while diVerences could be attributed to more polysynaptic routes better revealed by stimulus trains. The tendency to facilitate ipsilateral Xexors and inhibit ipsilateral extensors may be explained by monosynaptic reticulospinal projections to motoneurons in combination with disynaptic connections through excitatory and inhibitory interneurons. The tendency to facilitate contralateral extensors while simultaneously inhibiting contralateral Xexors may be explained by known populations of excitatory and inhibitory commissural interneurons (Bannatyne et al. 2003; Jankowska et al. 2003) . This double reciprocal pattern is present with both StimulusTA and stimulus trains. Results from previous SpikeTA and StimulusTA studies in the monkey have also revealed the typical, double reciprocal pattern (Davidson et al. 2007a; Buford 2004, 2006) , which further indicates that the double reciprocal pattern with a preponderance of suppression revealed by StimulusTA is more likely to reXect relatively direct pathways. However, facilitation of ipsilateral extensors and contralateral Xexors also exists and may become more prevalent with stimulus trains. The Wnding that suppression responses from StimulusTA could be replaced by facilitation from stimulus trains suggests that there is an alternative route, where the more direct pathway promotes suppression and a more polysynaptic pathway allows for an alternative response of facilitation, especially in extensors. This is not the Wrst evidence that reticulospinal motor outputs may take alternative pathways with opposite eVects for a given motor pool. In the cat, reciprocal activation patterns between Xexors and extensors in the forelimbs can vary depending on the behavioral state (rest or movement) of the animal. Drew and Rossignol (1990b) reported that stimulus trains applied at rest facilitated ipsilateral forelimb Xexors and contralateral forelimb extensors, but rarely suppressed EMG activity in any limb muscles. Stimulation applied during the swing phase of locomotion for the ipsilateral forelimb also facilitated ipsilateral Xexors and contralateral extensors, but stimulation applied during swing for the contralateral forelimb facilitated contralateral Xexors, opposite to the pattern observed at rest and during ipsilateral swing (Drew 1991; Drew and Rossignol 1984; Perreault et al. 1994 ). Drew and colleagues have interpreted this result to suggest that reticulospinal outputs can facilitate or suppress Xexors and extensors bilaterally, but the pathways capable of conducting responses to stimulation will depend on behaviorally appropriate gating of spinal circuits through which the reticulospinal eVects are conveyed (Schepens and Drew 2003 . Drew et al. (2004) suggested that the direct and alternative pathways explaining the nature of reticulospinal outputs exist at the spinal level. We concur that there is ample evidence that well established spinal circuits associated with locomotion can support this double reciprocal pattern and that circuits for coactivation of Xexors and extensors can also be demonstrated at the spinal level, so this proposal has the advantage of parsimony and plausibility. However, there is another possibility worth considering: polysynaptic pathways revealed by stimulus trains may also involve circuitry intrinsic to the PMRF. In primary motor cortex, intracortical microstimulation activates cells in the immediate vicinity of corticomotoneuronal cells indirectly Bennett et al. 1989 ) and activates corticospinal cells trans-synaptically (Bennett et al. 1989; Jankowska et al. 1975) . Stimulus trains applied to the MLF activate some reticulospinal neurons directly and some trans-synaptically via antidromic activation of reticulospinal collaterals (Edgley et al. 2004; Jankowska et al. 2003) . Therefore, it seems likely that stimulus trains delivered in the PMRF would recruit polysynaptic pathways within the reticular formation. In contrast to Wndings in motor cortex of adjacent cells showing similar motor outputs (Asanuma and Rosen 1972) , our Wndings showed no anatomical organization within PMRF producing facilitation and suppression eVects. Hence, engagement of polysynaptic circuits to spread the activation within the PMRF might have mixed eVects, whereas polysynaptic engagement within a local region of the motor cortex might not produce as much diVerence.
Another interesting polysynaptic route with known projections to the more distal muscles in cat and in monkey is the C3-4 propriospinal system (Alstermark et al. 1987 (Alstermark et al. , 1999 . C3-4 propriospinal neurons are also a strong target of reticulospinal projections in the cat, but may be a weaker target in the monkey (Lemon 2008; Maier et al. 1998) . This system has been implicated even in control of skilled digit movements in monkeys via direct cortical projections to the propriospinal neurons (Alstermark et al. 1999 ) and with corticoreticular inXuences on reticulospinal cells that project to the propriospinal neurons (Nishimura et al. 2007; Pettersson et al. 2007 ).
Further implications
Finally, on a methodological note, a common neurophysiological technique in cerebral cortex is to use stimulus trains to map motor outputs, recording movements evoked without EMG analysis. Can simple observation of movement or even EMG recording with stimulus trains in the PMRF suYce, or is the extra time associated with StimulusTA required for an accurate representation of motor outputs from this part of the brain? The large agreement between StimulusTA and stimulus trains in these results support the use of stimulus trains for a general description of motor outputs. However, stimulus trains may under estimate the amount of suppression produced by the PMRF. If a comparison was planned as the result of a treatment that could change the eVects of the more direct PMRF output pathways or to speciWcally focus on changes in suppression, then the StimulusTA method might be required to reveal those changes. If the intent was to study eVects that were mediated by polysynaptic routes, stimulus trains would be a better approach. Future investigations should choose methods carefully with these diVerences in mind.
